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We make a simple ansatz for the supersymmetric lepton-number violating Yukawa couplings, by
relating them to the corresponding Higgs Yukawa couplings. This reduces the free B3 parameters
from 36 to 6. We fit these parameters to solve the solar and atmospheric neutrino anomalies in
terms of neutrino oscillations. The resulting couplings are consistent with the stringent low-energy
bounds. We investigate the resulting LHC collider signals for a stau LSP scenario.
I. INTRODUCTION
The first experimental evidence for physics beyond the
Standard Model (SM) has been found in the neutrino
sector [1]. The solar and atmospheric neutrino anoma-
lies are best explained in terms of oscillating mas-
sive neutrinos [2], as opposed to for example lepton
flavour-violating interactions [3]. Assuming massive
neutrinos, based on a three neutrino fit including the
recent MINOS [4] and the SK-II atmospheric data [5],
the corresponding neutrino mass and mixing parame-
ters at 1σ (3σ) C.L. are [6, 7]
∆m221 = 7.9
+0.27−0.28
(
+1.1−0.89
)
× 10−5eV2 , (1)
∣∣∆m231∣∣ = 2.6± 0.2 (0.6)× 10−3 eV2 , (2)
θ12 = 33.7± 1.3
(
+4.3
−3.5
)
, (3)
θ23 = 43.3
+4.3
−3.8
(
+9.8
−8.8
)
, (4)
θ13 = 0
+5.2
−0.0
(
+11.5
−0.0
)
. (5)
The angles are given in degrees. The most widely dis-
cussed extensions of the SM to include massive neu-
trinos involve the see-saw mechanism [8]. These re-
quire right-handed neutrinos, as well as a new, typ-
ically very large Majorana mass-scale. The see-saw
mechanism can also be incorporated into the minimal
supersymmetric SM (MSSM) [9], now requiring right-
handed neutrino superfields, as well as the additional
high mass scale.
However, within supersymmetry there is another,
in our opinion simpler, possibility to include massive
neutrinos, namely via renormalizable lepton-number
violating terms, W6Li , in the superpotential [10],
W6Li = λijkLiLjE¯k + λ
′
ijkLiQjD¯k + κiLiHu , (6)
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WHd =h
E
ijLiHdE¯j + h
D
ij QiHdD¯j + µ HdHu , (7)
where we have employed the conventional notation for
the superfields [11]. For later use, we have also in-
cluded the superpotential terms involving the down-
like Higgs superfield. The terms in W6Li violate R-
parity (a Z2-symmetry) as well as proton hexality
[12, 13] (a Z6-symmetry), but conserve baryon tri-
ality (B3, a Z3-symmetry, sometimes also mislead-
ingly called baryon parity) [14, 15, 16]. The Majorana
neutrino masses are generated via tree-level mixing
with the neutralinos, as well as via radiative correc-
tions [10, 17, 18, 19, 20, 21, 22]. There is an implicit
see-saw mechanism in the neutralino-neutrino sector:
κ2i /M1/2, but with a much smaller hierarchy of mass
scales. Furthermore, no new fields or mass scales are
required.
Within a baryon triality supergravity model the
largest neutrino mass is naturally small [11]. For uni-
versal soft breaking terms, the mixing, κi, with the
neutralinos is zero at the unification scale. It is subse-
quently generated at the order of a few MeV via renor-
malization group equations. It is thus proportional to
the product of a (small) down-like Higgs Yukawa cou-
pling (for example of the bottom quark or the tau lep-
ton), a (small) baryon triality coupling and the Higgs
mixing parameter µ [11, 23, 24, 25]. The lighter neu-
trino masses are generated via radiative corrections,
and are naturally further suppressed.
There are 9 + 27 + 3 = 39 lepton-number violat-
ing (complex) parameters in the superpotential W6L.
There are also 39 corresponding soft-supersymmetry
breaking parameters, which in principle are indepen-
dent, but are usually related to those ofW6L via univer-
sal soft-supersymmetry breaking [26]. In a top-down
approach, e.g. based on the Froggatt-Nielsen mech-
anism [27], one can attempt to predict the order of
magnitude of all superpotential parameters, i.e. W6Lp
together with the Higgs Yukawa couplings, based on
a spontaneously broken gauge symmetry, Ref. [28, 29]
and references therein. See also Refs. [21, 22, 30, 31].
In this letter, we instead propose a baryon tri-
ality model of neutrino masses, based on a simple
phenomenological ansatz, which relates the Higgs su-
perpotential parameters to those that violate lepton-
number. The justification for this is that the down-like
Higgs doublet superfield and the lepton-doublet super-
fields have identical Standard Model gauge quantum
numbers. We make no assumption about the possible
underlying theory at the unification scale. This ansatz
dramatically reduces the number of free parameters.
If experimentally confirmed it would give a clear in-
dication on how to construct the more fundamental
unified theory.
In the literature there are other simple ansa¨tze [32,
33, 34], the most common and also the most similar
to ours is pure bi-linear lepton-number violation, i.e.
λijk = λ
′
ijk = 0, and κi 6= 0. For this there is an
extensive literature, see for example [17, 18, 21, 30,
35, 36] and references therein. We discuss how our
ansatz differs from the bi-linear case in Sect. III.
A special feature of baryon triality models for the
neutrino masses, is that they lead to other observable
effects at colliders and can thus be tested [34, 37, 38,
39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52].
In the case of pure tri-linear couplings (κi = 0), a fit
to the neutrino data, Eqs. (1)-(5), leads to values in
the range λijk , λ
′
ijk ∼ 10−5 − 10−4 [53, 54, 55, 56].
These couplings are very small, in particular, too
small for the resonant production of supersymmetric
particles [57]. However, they do lead to the decay
of the lightest supersymmetric particle in the detec-
tor, possibly with a detached vertex. This model can
be confirmed by measuring the branching ratios of the
various lightest supersymmetric particle (LSP) decays
and thereby measuring the couplings. However, sev-
eral points have in my opinion been missed in the
literature. In the case of a pure fit, i.e. not a model,
it is possible to have larger couplings, which do not
contribute to the neutrino masses, or which are not
required for the fit. In this case, the LSP decay which
dominates the collider signals will be completely inde-
pendent of the neutrino sector. Thus pure fit models
can only be tested if the neutrino mass parameters
dominate the B3 sector. We consider here a complete
model, where the fit to the neutrino data fixes all the
B3 parameters. Second, it has hitherto been assumed,
that the LSP is the lightest neutralino. We go beyond
this and also consider a scalar tau LSP [11, 58].
Our analysis is structured as follows: In Sect. II, we
present our model in detail. We then briefly review the
neutrino masses in baryon triality models, Sect. IV.
In Sect. V, we estimate the values of the free parame-
ters which result in acceptable neutrino masses. In
Sect. VI, we numerically evaluate the new param-
eters in our model, such that the neutrino masses
and mixing angles fall in the required experimental
ranges, cf Eqs. (1)-(5). In order to obtain at least
two non-vanishing neutrino masses, we must violate
at least two lepton numbers. This typically leads to
significantly stricter bounds on the products of cou-
plings [59, 60, 61, 62]. In Sect. VII, we investigate,
whether our model is consistent with these bounds.
In Sect. VIII, we discuss possible future tests of the
ansatz at colliders, in particular the LHC. In Sect. IX
we conclude.
II. SIMPLE B3-MODEL
In the MSSM, the lepton doublet superfields Li and
the down-type Higgs superfield Hd have the same
gauge quantum numbers. They are distinguished
through a discrete symmetry: lepton number. How-
ever, in the case of baryon triality, lepton number is
violated and not well defined. In the most general
baryon triality superpotential with the MSSM super-
fields, Hd and Li have exactly corresponding terms in
the superpotential, as can be seen in Eqs. (6) and (7).
We take this correspondence to motivate the following
simple ansatz for the Yukawa coupling constants
λijk ≡ ℓi · hEjk − ℓj · hEik , (8)
λ′ijk ≡ ℓ′i · hDjk , (9)
κi ≡ ci · µ . (10)
Here, ℓi, ℓ
′
i are c-numbers. Eq. (8) has the required
form to maintain the anti-symmetry of the λijk in
the first two indices. The ansatz for the dimensionful
mixing terms, Eq. (10), is no simplification and we
retain the κi as free parameters. Given the ansatz of
Eqs. (8), (9), and assuming we know the Higgs-Yukawa
coupling constants (leading to the SM fermion mass
matrices), then the 36 couplings λijk, λ
′
ijk, are param-
eterized in terms of the six numbers ℓi, ℓ
′
j .
Since Li and Hd have the same gauge quantum
numbers, our ansatz in Eqs. (8), (9) is given in
the SU(2) × U(1) current-eigenstate basis. Thus
when computing neutrino masses and comparing the
required Yukawa coupling constants to low-energy
bounds, we must rotate to the mass-eigenstate basis
[63, 64]. This requires a bi-unitary transformation in
generation space. We shall denote the transformation
of the left-handed and right-handed fermions (not su-
perfields), respectively by
eL = Ve e
′
L , dL = Vd d
′
L , uL = Vu u
′
L , (11)
eR = Ue e
′
R , dR = Ud d
′
R , uR = Uu u
′
R , (12)
where V e,d,u, Ue,d,u are 3× 3 matrices in generation
space and the prime denotes the mass-eigenstates. We
have combined the charged lepton and quark states
into three-component vectors in generation space, e.g.
eL ≡ (eL, µL, τL). We rotate the sfermion part-
ners by the same matrices in flavour space. By con-
struction, these transformations diagonalize the SM
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Coupling Model Value Numerical Value
(tan β = 10)
λ121 −ℓ2
√
2me/υd −2.9 · 10−5 · ℓ2
λ122 ℓ1
√
2mµ/υd 6.1 · 10−3 · ℓ1
λ123 0 0
λ131 −ℓ3
√
2me/υd −2.9 · 10−5 · ℓ3
λ132 0 0
λ133 ℓ1
√
2mτ/υd 1.0 · 10−1 · ℓ1
λ231 0 0
λ232 −ℓ3
√
2mµ/υd −6.1 · 10−3 · ℓ3
λ233 ℓ2
√
2mτ/υd 1.0 · 10−1 · ℓ2
TABLE I: Predictions for the LLE¯ in our ansatz as a func-
tion of the free parameters ℓi.
Yukawa coupling matrices
Ue
† · (hE)T · Ve =
√
2
υd
diag(me,mµ,mτ ) , (13)
Ud
† · (hD)T · Vd =
√
2
υd
diag(md,ms,mb) , (14)
Uu
† · (hU )T · Vu =
√
2
υu
diag(mu,mc,mt) , (15)
where the normalization of the Higgs vacuum expec-
tation value is v =
√
|υu|2 + |υd|2 = 246GeV and
tanβ ≡ υu/υd.
In the following, we assume that the charged lepton
mass- and weak-eigenstates are the same. The cor-
responding charged lepton rotation matrices are then
given by Ve = Ue = 11. Thus in our ansatz, in the
leptonic sector the mixing takes place entirely in the
neutrino sector, cf. the discussion in Refs. [61, 64].
Using Eqs. (8), and (13), the LLE¯ couplings can then
be expressed in terms of the lepton masses and the
three parameters ℓi
λijk = ℓi
√
2mej
υd
δjk − ℓj
√
2mei
υd
δik , (16)
where mej ≡ (me,mµ,mτ )i. Explicitly the couplings
are given in Table I, as a function of the free parame-
ters ℓi. As an example, we have also given numerical
coefficients in the case where tanβ = 10, which fixes
υd = 24.5GeV. Overall, of course, all couplings are
proportional to the free parameters ℓi.
We thus have some very specific predictions for the
LLE¯ couplings in our model.
λ123 = λ132 = λ231 = 0 (17)
λ121
λ233
= −me
mτ
,
λ122
λ133
=
mµ
mτ
,
λ131
λ232
=
me
mµ
. (18)
Besides the vanishing couplings, we would thus expect
the couplings to satisfy the strict constraints
λ121 < 2.0 · 10−5 mτ˜R
100GeV
, (19)
λ122 < 3.6 · 10−4
√
mτ˜
100GeV
, (20)
λ131 < 3.4 · 10−4 mµ˜R
100GeV
, (21)
where we have implemented the low-energy bounds in
[61] for λ133, λ233, λ232 and inserted the PDG lepton
masses [65].
Throughout we consider our model only at the weak
scale. In principle it should be embedded in a unified
model at the grand unified scale or above [28, 29]. In
that case, the predictions in Eqs. (17), (18) would be
modified by renormalization group effects. In partic-
ular the couplings in Eq. (17) would get non-zero con-
tributions [25], which however are extremely small, as
they are proportional to the product of three non-zero
LLE¯ couplings.
When expanding the LLE¯ term in the Lagrangian
into its mass-eigenstate components, we obtain (sum-
mation over generation indices implied)
LLLE¯ =
[
−λijk e˜k∗R ν¯icPLej − λijk e˜jLe¯kPLνi
−λijk ν˜iLe¯kPLej
]
+ h.c. . (22)
Next we consider the LQD¯ term in the Lagrangian.
Expanding out the SU(2)L doublet superfields, we ob-
tain
LLQD¯ = λ
′
ijkNLiDLjD¯Rk − λ′ijkELiULjD¯Rk . (23)
Rotating the quark superfields in the first term into
the superfield basis where the quarks are in the mass-
eigenstate and using Eqs. (9) and (13) we obtain
λ′ijkNLiDLjD¯Rk = λ
′
ijk [U
†
d]rk[V d]jsNLiDLs
′D¯′Rr
= ℓ′i [U
†
d(h
D)TV d]rsNiLD
′
LsD¯
′
Rr
=
√
2 ℓ′i
υd
mdr δrsNiLD
′
LsD¯
′
Rr. (24)
For the second term in Eq.(23), we obtain analogously
λ′ijkELiULjD¯Rk
= ℓ′i [Ud
†(hD)TV d]rt [V d
†
Vu]tsE
′
LiULs
′D¯′Rr
=
√
2 ℓ′i
υd
mdr [V
†]sr ELi
′ULs
′D¯′Rr , (25)
where VCKM = Vu
†
Vd is the Cabibbo-Kobayashi-
Maskawa matrix. Combining Eqs. (24) and (25), we
can then write the Lagrangian for the LQD¯ interac-
tions in the mass-eigenstate basis and expanded in
3
superfield components1
LLQD¯
=
[
−λ˜′ijk
(
ν˜iLd¯
jPLd
k + d˜jLd¯
kPLν
i + d˜j∗R ν¯
icPLd
k
)
+ λ˜′ijkV
∗
rj
(
e˜iLd¯
kPLu
r + u˜rLd¯
kPLe
i + d˜k∗R e¯
icPLu
r
)]
+ h.c. , (26)
with the coupling defined by
λ˜′ijk ≡ ℓ′i
√
2mdk
υd
δjk . (27)
We also introduce the notation
˜˜λ′ijk ≡ ℓ′i
√
2mdk
υd
[V ]jk . (28)
Note that the (s)neutrino interactions are flavour di-
agonal in the down-(s)quarks, whereas the charged
(s)lepton interactions involve generation off-diagonal
(s)quark interactions [64]. We have given an estimate
of the couplings λ˜′ and ˜˜λ′, modulo the ℓi in Table II.
We have again assumed tanβ = 10. Furthermore,
we have taken the central PDG values for the quark
masses: md = 6MeV, ms = 103MeV, mb = 4.2GeV,
and the central values of the global PDG fit for the
CKM matrix entries (2 significant figures) [65]
VCKM =

 0.97 0.23 0.00400.23 0.97 0.042
0.0081 0.042 1.0

 . (29)
As can be seen from Table II, we thus have also sim-
ple predictions for the
˜˜
λ′ couplings in terms of quark
masses and VCKM entries and independent of tanβ,
˜˜λ′ijk
˜˜λ′ijl
=
mdkVjk
mdlVjl
,
˜˜λ′ijk
˜˜λ′ilk
=
Vjk
Vlk
(30)
We can use Eqs. (16), (27) (28) to translate between
our parameters ℓi, ℓ
′
i and the B3 couplings, where
in the latter case, care must be taken to include the
CKM-mixing for the charged (s)lepton interactions.
It is the purpose of this letter to investigate whether
with this reduced freedom in the B3 sector, we can still
obtain neutrino masses and mixings, which are, first
of all, consistent with Eqs. (1)-(5) and second, where
the resulting coupling constants are consistent with
the existing low-energy bounds. In Sect. VIII, we then
study possible observable consequences of the absolute
values of the couplings as well as of the relative values.
1 The primes, denoting the mass-eigenstates, are omitted in
the following.
Index λ˜′/ℓ′i
˜˜λ′/ℓ′i
(i11) 3.5 · 10−4 3.4 · 10−4
(i12) 0 1.4 · 10−3
(i13) 0 9.7 · 10−4
(i21) 0 8.0 · 10−5
(i22) 6.0 · 10−3 5.8 · 10−3
(i23) 0 1.0 · 10−2
(i31) 0 2.8 · 10−6
(i32) 0 2.5 · 10−4
(i33) 0.24 0.24
TABLE II: Predictions for the LQD¯ in our ansatz as a
function of the free parameters ℓ′i. In the right column we
have assumed tan β = 10.
III. OTHER ANSA¨TZE
In Ref. [33, 34, 49] the hierarchy in the SM Higgs
Yukawa couplings was taken to motivate a similar
hierarchy in the LQD¯ (and separately in the LLE¯
couplings). The authors restrict themselves to the
couplings λ′i33 and λi33. We extend this interesting
work in several respects. We include the most recent
neutrino data in our fit; Eqs. (1)-(5). Furthermore,
we include the CKM mixing in our ansatz, we thus
have a prediction for the full range of the couplings.
This is particularly important for the observable con-
sequences of the model, i.e. the LSP decays. We also
do combined fits including all the couplings, i.e. the
λ and the λ′ couplings and also the κi, our Models I
and II below in Sect VI.
The most widely considered simple ansatz are B3
models, where λijk = λ
′
ijk = 0 and κi 6= 0, of-
ten denoted bi-linear R-parity violation. This clearly
has only three free parameters compared to the six
or nine, in our models below. In order to compare
the two ansa¨tze in more detail, we combine the fields
Lα = (L0, Li) = (Hd, Li), where α = 0, . . . , 3 and
i = 1, 2, 3. The bi-linear R-parity violating superpo-
tential is then
W = hEij LiL0E¯j + hDij QiL0D¯j + µ L0Hu + κiLiHu ,
(31)
We can now make a field redefinition
L → L′ = RL, (32)
such that the bi-linear lepton-number violating terms
are eliminated from the superpotential. The explicit
form forR is given in Ref. [11, 18, 28]. We then obtain
the superpotential
W˜ = hEij [R]iα[R]0β LαLβE¯j
+ hDij [R]0αQiLαD¯j + µ˜ L0Hu . (33)
The transformed parameters (denoted by a tilde) are
4
then given by
µ˜ = µ[R]00 + κi[R]i0 (34)
h˜Dij = h
D
ij [R]00 (35)
h˜Eij = h
E
lj
{
[R]li[R]00 − [R]l0[R]0i
}
(36)
λ˜′ijk = h
D
jk[R]0i =
[R]0i
[R]00
h˜Djk (37)
λ˜ijk = h
E
lk
{
[R]lj [R]0i − [R]li[R]0j
}
= [R]0i
(
hElk[R]lj
)
− [R]0j
(
[R]lih
E
lk
)
. (38)
In the last equation we have included the parentheses
to emphasize the sum over l. Note that not only are
the tri-linear couplings λijk, λ
′
ijk generated, but also
the Higgs Yukawa couplings are modified
hE,Dij −→ h˜E,Dij . (39)
From Eq. (37) we see that
λ′ijk = ℓ
′
i h˜
D
jk , with ℓ
′
i =
[R]0i
[R]00
=
κi
µ
. (40)
In the last equation, we have employed the explicit
form of the matrix R. Next we would like to show
that
λ˜ijk = ℓih˜
E
jk − ℓj h˜Eik . (41)
For this we insert h˜E from Eq. (36) and factor ℓi,j
λ˜ijk = ℓj [R]00
(
hElk[R]li
)
− ℓi[R]00
(
hElk[R]lj
)
+ℓj[R]0i
(
hElk[R]l0
)
− ℓi[R]0j
(
hElk[R]l0
)
(42)
If we now set
ℓi =
[R]0i
[R]00
and ℓj =
[R]0j
[R]00
. (43)
the last two terms in Eq. (42) cancel and the first two
terms agree with Eq. (38). In particular, we see that
B3 models with only bi-linear terms are a special case
of our ansatz with ℓi = ℓ
′
i.
IV. B3 NEUTRINO MASSES
The general, lepton number violating superpotential
in a B3-model is given in Eq.(6). As stated in the
introduction, due to the κi, the neutrinos mix with
the Higgsino components of the neutralinos, resulting
νiL ν
j
L
l˜, q˜
l, q
FIG. 1: The radiative slepton-lepton and squark-quark contri-
bution to the neutrino mass.
in one massive neutrino at tree-level. The resulting
mass matrix is perturbatively given by2 [19, 20, 66]
(mtreeν )ij =
m2ZMeγ cos
2 β
µ¯ (m2ZMeγ sin 2β −M1M2µ¯)
κiκj ,
≡ CeS κiκj . (44)
Here mZ and M1,2 denote the mass of the Z
0
gauge boson and the soft supersymmetry breaking,
electroweak gaugino mass parameters, respectively.
The photino mass is given by Meγ ≡ M1 cos2 θW +
M2 sin
2 θW , where θW is the electroweak mixing an-
gle. |µ¯| ≡ √µ2 +∑i |κi|2. We shall see below that∑
i |κi|2 = O(1MeV2) and thus to a high precision
µ¯ ≈ µ [11, 19, 23]. For later convenience, we have
introduced the constant CeS to summarize the depen-
dence on the supersymmetric parameters. Within
B3-supersymmetry, the other two neutrinos obtain
masses through radiative corrections from both the
bi-linear [17, 18] and the tri-linear terms in the super-
potential [19, 20]. In the following, we focus on the
radiative corrections due to the tri-linear terms, since
we expect these to dominate for small κi [11], however
realistic neutrino mass models based only on bi-linear
terms have been constructed [17, 18, 21].
There are two distinct radiative contributions to the
neutrino masses from the tri-linear couplings for which
the Feynman diagrams are shown in Fig. (1). One is
proportional to λ′ikℓλ
′
jℓk, where a squark and a quark
propagate in the loop. A second is given by a slepton-
lepton loop, and is proportional to λikℓλjℓk. For the
squark-quark loop, the bottom-sbottom contribution
dominates (k = ℓ = 3), since for the down-like quark
masses we have m2b ≫ m2s, m2d. This results in the
mass matrix3
(mdν)ij ≈
2Ncλ
′
i33λ
′
j33
16π2
m2bAb
f(xb)
M2
b˜2
, (45)
2 As in [19], we assume here a rotation into the basis where
the sneutrino vacuum expectation values vanish. In principle
this requires a detailed minimization of the scalar potential
as discussed for example in Ref. [11, 17, 21]. This is well
beyond the scope of this paper.
3 The extra factor of two arises from two distinct contributions
to the mass which are equal for k = ℓ [20].
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where Nc = 3 is the colour factor and
f(xb) ≡ xb lnxb
xb − 1 , with xb =
(
Mb˜2
Mb˜1
)2
. (46)
Mb˜s , s = 1, 2, denote the sbottom mass-eigenstates,
where Mb˜1 < Mb˜2 . Ab ≡ A0b − µ¯ tanβ, where A0b
is the tri-linear soft-supersymmetry breaking bottom
coupling. i, j = 1, 2, 3 are generation indices. In cal-
culating explicit values for Eq. (45), the mixing of the
left and right handed bottom squarks is taken into ac-
count but generation mixing is neglected due to the
strict constraints from flavour changing neutral cur-
rents. For later numerical estimates, we find that
f(1) = 1 , f(100) ≈ 4.65 , (47)
where the latter value corresponds to the fairly ex-
treme value ofMb˜2 = 10 ·Mb˜1. Note, there are no neu-
trino mass contributions proportional to mbms. The
subleading contribution is proportional to λ′i22λ
′
j22m
2
s.
This could in principle be dominant for λ′i22 >
(mb/ms)λ
′
i33 ≈ 45 · λ′i33. However due to the rela-
tion Eq. (27), this is not possible in our ansatz, cf
Table II.
The contribution from the slepton-lepton loop is
analogously given by (Nc = 1)
(meν)ij ≈
λi33λj33
8π2
m2τAτ
f(xτ )
M2τ˜2
. (48)
Heremτ is the tau mass and xτ = (Mτ˜2/Mτ˜1)
2,Mτ˜1 <
Mτ˜2 are the stau masses. Aτ ≡ A0τ − µ¯ tanβ, where
A0τ is the trilinear soft breaking term for the τ . Since
λijk is antisymmetric in the first two indices, we must
restrict the indices i, j = 1, 2 in Eq. (48). For i = j =
3 the leading contribution4 is from the smuon-muon
loop, proportional to λ2322m
2
µ.
At any given energy scale, the mass parameters κi
in Eq. (6) can be rotated away [67]. Depending on
the scale and mechanism of supersymmetry breaking,
the corresponding soft supersymmetry breaking terms
will then also vanish [11]. When this occurs, we have
pure tri-linear B3-models, which have been widely dis-
cussed in the literature. The leading neutrino mass
contributions must then arise solely from the above
loop-diagrams. In the following, we shall thus discuss
two models embedded in our ansatz. In Model I, we
consider the case of pure tri-linear interactions, i.e.
4 In principle, we could also have a contribution proportional
to λi22λj22m2µ ∝ ℓ
2
3
m4µ/v
2
d
. This can be large since ℓ3 is a
free parameter in our ansatz. However, in order to have a
comparable contribution, we must have ℓ3 ≈ (mτ /muµ)2 ≈
300. Comparing with Table I, we see that the resulting λ232
typically violates the low-energy experimental bounds [61].
κi = 0. The neutrino masses are then solely given
through the combined loop contributions in Eqs. (45)
and (48). In Model II, we consider the more general
case with κi 6= 0, as well as λ, λ′ 6= 0. In this case,
either the complete Majorana neutrino mass matrix is
given by the sum of all three contributions, Eqs. (44),
(45) and (48) or one of the loop contributions is ab-
sent. In both models, the neutrino masses and mixing
angles are then obtained upon diagonalization.
In the following, we shall first estimate the resulting
neutrino masses in both Models I and II and then de-
termine the masses and mixing angles by numerically
diagonalising the complete mass matrix.
V. NEUTRINO MASSES FROM THE
SIMPLE B3-MODEL
We now insert our ansatz into the neutrino mass for-
mulæ above and give an estimate for the ℓi, ℓ
′
j . The
tree-level contribution, Eq. (44), is unchanged. The
one-loop contributions, Eqs. (45) and (48), are given
by
(Mdν)ij ≈
3ℓ′iℓ
′
j
4π2
m4b
υ2d
Ab
f(xb)
M2b2
≡ 3ℓ′iℓ′jCb , (49)
(Meν)ij ≈
ℓiℓj
4π2
m4τ
υ2d
Aτ
f(xτ )
M2τ2
≡ ℓiℓjCτ , (50)
where in the last equation i, j 6= 3. For later conve-
nience we have introduced the constants Cb,τ . In or-
der to estimate the order of magnitude of the ℓi, ℓ
′
j, we
shall assume hierarchical neutrino masses. In Model
I, the neutrino masses are generated alone from the
loop corrections and the mass matrix is then
[Mν ]ij = ℓiℓjCτ + 3ℓ
′
iℓ
′
jCb , (51)
which results in two massive neutrinos, since i, j 6= 3
for Cτ . We can obtain a third massive neutrino if we
include the subleading term proportional to ℓiℓjCµ,
for which there is a contribution for i, j = 3.
In order to obtain an estimate, we set tanβ = 10
and assume A0b = A
0
τ = Mb˜, τ˜ = msoft = 100 GeV,
which results in f(x) → 1. We then have Cb ≈ 130
keV and Cτ = 4.1 keV. The heaviest neutrino is in
agreement with the atmospheric neutrino anomaly,
Eq. (1), for
ℓ ≈ 3.5 · 10−3 , or ℓ′ ≈ 3.6 · 10−4 , (52)
λi33 ≈ 3.6 · 10−4 , or λ′i33 ≈ 8.7 · 10−5 . (53)
Correspondingly, we can generate the mass required
by the solar neutrino anomaly by the other term. We
obtain mν ≈ 0.01 eV, for
ℓ ≈ 1.6 · 10−3 , or ℓ′ ≈ 1.6 · 10−4 , (54)
λi33 ≈ 1.6 · 10−4 , or λ′i33 ≈ 3.9 · 10−5 , (55)
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For both the atmospheric and solar anomalies we have
used Eqs. (16) and (27) to translate back to the cor-
responding values for λi33 and λ
′
i33.
In Model II, the largest neutrino mass is generated
by the tree-level contribution. Taking the trace of
Eq. (44), and assuming M1 =M2 = µ = msoft, we
have approximately
mν ≈ m
2
Z cos
2 β
∑
i κ
2
i
m3soft
. (56)
From Eq. (1), we then obtain [23]√∑
κ2i = O(1MeV) . (57)
With the same assumptions as in Model I, the ra-
diative contributions then generate the solar neutrino
mass for the values given in Eqs. (54), (55).
VI. NUMERICAL EVALUATION OF THE
NEUTRINO MASSES
A. General Outline
Next we wish to determine more precisely the param-
eters of our ansatz, i.e. the ℓi, ℓ
′
i, κi, by fitting them
to the neutrino data. They in turn fix the B3 param-
eters. In order to learn more about the importance of
various parameters, we consider two cases. In Model
I, we consider the case of pure tri-linear terms. The
free parameters are
Model I : ℓi, ℓ
′
i. (58)
In Model II, we include κi 6= 0; the respective free
parameters are given by
Model II : κi, ℓi, ℓ
′
i (59)
Clearly, Model II is the most general case.
The full neutrino mass matrix (Mν)ij is given by
the sum of Eqs. (44), (49) and (50), where depending
on the model, the coefficient of CS˜ can be zero. In the
case of Model I, the real symmetric mass matrix has
the form of
MIν = (60)
Cb

 ℓ
′
1ℓ
′
1 ℓ
′
1ℓ
′
2 ℓ
′
1ℓ
′
3
ℓ′2ℓ
′
1 ℓ
′
2ℓ
′
2 ℓ
′
2ℓ
′
3
ℓ′3ℓ
′
1 ℓ
′
3ℓ
′
2 ℓ
′
3ℓ
′
3

+ Cτ

 ℓ1ℓ1 ℓ1ℓ2 0ℓ2ℓ1 ℓ2ℓ2 0
0 0 0

 ,
which is a function of five parameters. However, due
to the simple form of the matrices, there are only two
non-vanishing neutrino mass eigenvalues. This is suf-
ficient to explain the atmospheric and solar neutrino
anomalies. In principle, a massless lightest eigenstate
can also lead to an observable effect. If both the mass-
less and the massive, second lightest neutrino have
significant electron-neutrino admixtures, then the cor-
responding Kurie plot will have a dip at the electron
energy Q−m2, with m2 being the second lightest neu-
trino mass. The maximal electron energy however will
be Q, within experimental uncertainties [68]. Depend-
ing on the parameter values this could be observable
by the KATRIN experiment [69].
In Model II, we obtain three non-zero neutrino
masses from the real symmetric mass matrix,
MIIν = CS˜

 κ1κ1 κ1κ2 κ1κ3κ2κ1 κ2κ2 κ2κ3
κ3κ1 κ3κ2 κ3κ3

+ (61)
Cb

 ℓ
′
1ℓ
′
1 ℓ
′
1ℓ
′
2 ℓ
′
1ℓ
′
3
ℓ′2ℓ
′
1 ℓ
′
2ℓ
′
2 ℓ
′
2ℓ
′
3
ℓ′3ℓ
′
1 ℓ
′
3ℓ
′
2 ℓ
′
3ℓ
′
3

+ Cτ

 ℓ1ℓ1 ℓ1ℓ2 0ℓ2ℓ1 ℓ2ℓ2 0
0 0 0

 .
which depends on 8 independent parameters.
In the numerical evaluation, the coefficients CS˜ , Cb
and Cτ are determined by assuming a BC1 mass spec-
trum [58], which has a scalar tau LSP. The resulting
neutrino mass matrix (Mν)ij is diagonalized by the
orthogonal rotation matrix V
VTMνV =

 m1 0 00 m2 0
0 0 m3

 , (62)
where m1 ≤ m2 ≤ m3 and V is given by the standard
parameterization
V = (63)
 c12c13 s12c13 s13−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13

 ,
with cij = cos θij and sij = sin θij . The complex Dirac
phase δ13 and the two Majorana phases α1/2 are omit-
ted. The experimental ranges of the masses and the
mixing parameters θ12 and θ23 are given in Eqs. (1)-
(4). In addition, the bound on the mixing angle θ13
from the CHOOZ experiment Eq. (5) is taken into ac-
count. We find it convenient in presenting our results
instead of using the angles as in [6, 7], to use tan2 θ12,
tan2 θ23 and sin
2 θ13. The corresponding 1σ ranges
are given by
tan2 θ12 ∈ [0.403, 0.490] , (64)
tan2 θ23 ∈ [0.680, 1.20] , (65)
sin2 θ13 < 0.0082 . (66)
In performing the fit, we randomly sample log10(ℓi)
and log10(ℓ
′
j), thus guaranteeing that we explore the
full hierarchy of couplings. We only consider couplings
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ℓi, ℓ
′
j ≥ 1 · 10−7, as smaller couplings have no effect
on the neutrino observables. We furthermore require
ℓiℓj · Cτ ≤ 0.1 eV (67)
ℓ′iℓ
′
j · Cb ≤ 0.1 eV (68)
κiκj · CS ≤ 0.1 eV . (69)
For given values of the parameters ℓi, ℓ
′
j , κk, the re-
sulting mass matrix is computed. The numerical diag-
onalization of the mass matrix yields the mass eigen-
values m1, m2, m3 and the orthogonal transformation
matrix V and thus the mixing angles θ12, θ23 and θ13.
Afterwards, all experimental requirements, Eqs. (1)-
(5), are applied on the mass eigenvalues and on the
mixing angles. We delete models, which do not fall
within the 1σ ranges. Throughout we also assume a
hierarchical mass spectrum. Our results are summa-
rized in Tables III and IV, which we discuss in the
next section.
ℓ1 l2 ℓ
′
1 ℓ
′
2 ℓ
′
3 tan
2 θ12 tan
2 θ23 sin
2 θ13 ∆m
2
21 ∆m
2
23
ℓ1 max 9.38 · 10−4 1.69 · 10−3 −1.60 · 10−7 4.01 · 10−4 −5.22 · 10−4 0.48 0.99 0.0078 0.081 2.5
ℓ1 min 7.10 · 10−4 −1.76 · 10−3 9.27 · 10−5 4.16 · 10−4 −5.09 · 10−4 0.42 1.10 0.0037 0.077 2.6
ℓ2 max −7.12 · 10−4 1.78 · 10−3 −9.42 · 10−5 −4.10 · 10−4 5.04 · 10−4 0.42 1.11 0.0038 0.081 2.5
ℓ2 min 9.23 · 10−4 1.58 · 10−3 1.82 · 10−6 3.83 · 10−4 −5.60 · 10−4 0.49 0.72 0.0056 0.078 2.7
ℓ′1 max 7.10 · 10−4 −1.76 · 10−3 9.27 · 10−5 4.16 · 10−4 −5.09 · 10−4 0.42 1.10 0.0037 0.077 2.6
ℓ′1 min −9.14 · 10−4 −1.67 · 10−3 1.00 · 10−7 4.11 · 10−4 −5.35 · 10−4 0.47 0.95 0.0065 0.077 2.7
ℓ′2 max 9.01 · 10−4 −1.77 · 10−3 1.10 · 10−7 4.28 · 10−4 5.16 · 10−4 0.43 1.18 0.0077 0.078 2.8
ℓ′2 min 8.73 · 10−4 1.62 · 10−3 4.00 · 10−7 3.61 · 10−4 −5.53 · 10−4 0.41 0.68 0.0053 0.080 2.4
ℓ′3 max 8.69 · 10−4 1.61 · 10−3 −5.50 · 10−7 3.82 · 10−4 5.71 · 10−4 0.42 0.69 0.0043 0.078 2.8
ℓ′3 min −7.12 · 10−4 1.78 · 10−3 −9.42 · 10−5 −4.10 · 10−4 5.04 · 10−4 0.42 1.11 0.0038 0.081 2.5
TABLE III: Explicit solutions for Model I, where κi = 0. We only show the values where one of the |ℓi|, |ℓ′j | takes on an
extremal absolute value, i.e. the highest or lowest value obtained in our fits. Note that due to our sampling constraints,
we did not probe values for the ℓi, ℓ
′
j < 10
−7. In the five columns on the far right, we show the resulting neutrino
parameters. The values for ∆m221 and ∆m
2
23 are given units 10
−3 eV2. Comparing with Eqs. (1)-(5), we can see which
physical parameter is at its experimentally allowed limit. Thus for example in the first row, where ℓ1 is maximal, tan
2 θ12
and ∆m221 are at the edge of their allowed values. Pushing ℓ1 any higher would violate these constraints.
ℓ1 ℓ2 ℓ
′
1 ℓ
′
2 ℓ
′
3 κ1 κ2 κ3
ℓ1 max 1.08 · 10−3 −1.17 · 10−3 1.80 · 10−6 −4.39 · 10−4 4.57 · 10−4 −0.128 0.00551 −3.40
ℓ1 min 1.30 · 10−7 1.45 · 10−5 −6.50 · 10−7 −4.30 · 10−4 5.35 · 10−4 1.93 2.82 1.09
ℓ2 max −8.15 · 10−4 1.77 · 10−3 4.06 · 10−5 4.14 · 10−4 −5.01 · 10−4 −0.159 −0.541 −0.103
ℓ2 min 4.50 · 10−7 1.20 · 10−7 1.42 · 10−4 3.22 · 10−4 4.10 · 10−7 1.02 −4.65 6.11
ℓ′1 max −8.80 · 10−7 1.34 · 10−3 1.84 · 10−4 2.28 · 10−4 2.20 · 10−6 0.401 −4.64 6.01
ℓ′1 min −4.65 · 10−6 9.62 · 10−6 2.20 · 10−7 −5.28 · 10−4 −4.04 · 10−4 −2.07 −0.0320 3.72
ℓ′2 max −1.50 · 10−6 −7.07 · 10−6 −8.85 · 10−5 5.31 · 10−4 −4.10 · 10−4 1.70 0.100 −3.81
ℓ′2 min −9.49 · 10−4 1.66 · 10−3 −9.70 · 10−6 1.30 · 10−7 1.10 · 10−4 0.219 4.92 5.98
ℓ′3 max 8.82 · 10−4 1.64 · 10−3 3.60 · 10−7 3.91 · 10−4 5.55 · 10−4 −0.457 0.0604 −0.218
ℓ′3 min 4.50 · 10−7 1.20 · 10−7 1.42 · 10−4 3.22 · 10−4 4.10 · 10−7 1.02 −4.65 6.11
κ1 max 1.43 · 10−4 −1.30 · 10−3 −2.69 · 10−6 4.47 · 10−4 −4.77 · 10−4 2.06 −0.0125 −3.03
κ1 min −1.87 · 10−6 −2.30 · 10−5 −1.74 · 10−4 −4.23 · 10−5 2.99 · 10−4 0.0149 −5.90 −5.32
κ2 max 1.21 · 10−4 3.77 · 10−5 −1.65 · 10−4 −1.04 · 10−4 2.27 · 10−4 0.139 6.18 5.26
κ2 min 9.03 · 10−4 −1.19 · 10−3 −2.15 · 10−5 4.56 · 10−4 −4.49 · 10−4 −0.556 0.0338 3.16
κ3 max −7.67 · 10−4 −1.23 · 10−3 −8.03 · 10−5 −1.07 · 10−4 1.31 · 10−4 −0.0348 5.00 6.42
κ3 min 9.00 · 10−4 −1.60 · 10−3 2.30 · 10−6 −3.75 · 10−4 −5.64 · 10−4 0.0656 −0.0242 0.0140
TABLE IV: The same as Table III for Model II. Now we also have the values of κi as well as the extremal values of |κi|.
The κi are given in units of MeV.
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tan2 θ12 tan
2 θ23 sin
2 θ13 ∆m
2
21 ∆m
2
23
ℓ1 max 0.48 0.80 0.0061 0.077 2.4
ℓ1 min 0.45 0.79 0.0012 0.081 2.5
ℓ2 max 0.41 1.19 0.0007 0.078 2.5
ℓ2 min 0.44 0.93 0.0031 0.080 2.4
ℓ′1 max 0.41 1.06 0.0003 0.079 2.4
ℓ′1 min 0.47 1.04 0.0072 0.081 2.6
ℓ′2 max 0.44 1.03 0.0009 0.080 2.7
ℓ′2 min 0.47 1.04 0.0075 0.080 2.6
ℓ′3 max 0.44 0.78 0.0053 0.079 2.7
ℓ′3 min 0.44 0.93 0.0031 0.080 2.4
κ1 max 0.40 0.83 0.0034 0.080 2.6
κ1 min 0.47 0.81 0.0056 0.081 2.7
κ2 max 0.49 1.18 0.0001 0.078 2.6
κ2 min 0.42 0.95 0.0051 0.081 2.4
κ3 max 0.44 0.74 0.0014 0.081 2.8
κ3 min 0.45 0.69 0.0055 0.080 2.6
TABLE V: Model II (continued). Again, the values for
∆m221 and ∆m
2
23 are given units 10
−3 eV2.
B. Discussion of the Results
1. Model I
In Table III, we present the fit values for the param-
eters ℓi, ℓ
′
j in Model I. In the five columns on the right,
we also include the resulting neutrino mass and mix-
ing parameters. Of the large number of solutions we
find, we present those where the parameters |ℓi| take
on extremal values. For example in the first row of Ta-
ble III, |ℓ1| takes on the largest value we have found.
We can now see in the five columns on the right, that
tan2 θ12 and ∆m
2
21, are at the upper limit of their al-
lowed ranges, Eqs. (1) and (64), respectively. This is
as we would expect from Eq. (61), where we see that
ℓ1 influences the first two generations. On the other
hand, for example in the seventh row, where |ℓ′2| is
maximal, we see that tan2 θ23 and ∆m
2
32 are at the
upper limit of their allowed ranges. Similarly, in the
second row, where |ℓ1| is minimal, we see that ∆m221
is at the lower end of its allowed range. For the eighth
row, where |ℓ′2| is minimal, ∆m232 is at the lower end of
its allowed range. Overall, we see that tan2 θ12 is at its
upper limit for [ℓ1 max] and also for [ℓ2 min]. tan
2 θ23
is at its upper limit for [ℓ′2 max] and at its lower limit
for [ℓ′2 min] and [ℓ
′
3 max]. sin
2 θ13 is always well within
its limits and thus does not pose a real constraint on
our fit. However, we do predict a value between 0.003
and the current upper bound. For ∆m221, we are at
the upper end of the allowed range for [ℓ1 max], [ℓ2
max], and [ℓ′3 min]. We are close to the lower range
for [ℓ1 min], [ℓ
′
1 max], and [ℓ
′
1 min]. For ∆m
2
23, we are
at the upper end of the allowed range for [ℓ′2 max] and
[ℓ′3 max]. Thus we get the strongest constraints from
the allowed mass ranges and from tan2 θ23.
In the case of Model I, we only have five free pa-
rameters. With these we must fit the two neutrino
masses, two mixing angles and one upper bound. It
is thus perhaps not surprising, that except for ℓ′1, the
allowed ranges for the five parameters are quite nar-
row. ℓ′1min is consistent with zero. In summary, we
find from Table III
7.10 · 10−4 < |ℓ1| < 9.38 · 10−4 (70)
1.58 · 10−3 < |ℓ2| < 1.78 · 10−3 (71)
1.00 · 10−7 < |ℓ′1| < 9.27 · 10−5 (72)
3.61 · 10−4 < |ℓ′2| < 4.28 · 10−4 (73)
5.04 · 10−4 < |ℓ′3| < 5.71 · 10−4 . (74)
We shall employ the central values of these regions in
the discussion of the resulting collider signals, below.
2. Model II
In Table IV, we show the results of our fit to Model
II. We now have a total of eight free-parameters. We
vary the values of the mass mixing parameters in the
interval
0.01MeV ≤ κi ≤ 10MeV . (75)
Due to the enhanced freedom, we see that we now
have solutions, where are proportionality constants
ℓi, ℓ
′
j = O(10−7), which is consistent with zero, in
our approach. We see that we push the upper bound-
ary of tan2 θ12 for [ℓ1 max] and [κ2 max] and the lower
boundary for [κ1 max]. For tan
2 θ23 we push the up-
per and lower limits for [κ2 max] and for [κ3 min], re-
spectively. From sin2 θ13, we again have basically no
constraint on our model, beyond those of the other pa-
rameters, i.e. we are always well within the CHOOZ
bound.
We are pushing the upper end of the allowed range
of ∆m221 for [ℓ1 min,] [ℓ
′
1 min], [κ1,2 min], and [κ3
max]. For ∆m223, we are at the upper end for [ℓ
′
2
max], [ℓ′3 max], and [κ1 min]. We are at the lower
end of ∆m223 for [ℓ1 max], [ℓ2 min], [ℓ
′
1 max], [ℓ
′
3 min],
and [κ2 min]. Thus the mass ranges set the strictest
limits on our parameters, the angles are fairly easy to
accommodate.
Due to the enhanced freedom, we see that any one
of our parameters can consistently be set to zero. This
is of particular interest when trying to extract typical
collider signatures, below. In Model II, it is thus diffi-
cult to discern an identifying experimental signature.
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λ122λ
′
211 λ132λ
′
311 λ121λ
′
111 λ231λ
′
311
Bound 4.0 · 10−8 4.0 · 10−8 4.0 · 10−8 4.0 · 10−8
λ′i12λ
′
i21 λ
′
113λ
′
131 λ
′
i13λ
′
i31 λ
′
1k1λ
′
2k1 λ
′
11jλ
′
21j
Bound 10−9 3 · 10−8 8 · 10−8 8.0 · 10−8 8.5 · 10−8
TABLE VI: Bounds on the products of B3 couplings [61].
The first four and the last two bounds arise from contribu-
tions to the process µTi→ eTi. The fifth bound arises from
contributions to ∆mK and the sixth and seventh from con-
tributions to ∆mB.
VII. BOUNDS ON THE PRODUCTS OF THE
PARAMETERS OF THE SIMPLE B3-MODEL
Before discussing the consequences of our model, we
first consider the low-energy constraints. Typical
bounds on single B3 couplings are of order 0.1 to 0.01
[15, 70]. However, we necessarily have multiple cou-
plings in our models and thus must take into account
the bounds on products of couplings [59, 60, 61, 62],
which are also typically much stricter, due to lepton
flavor violating effects. The strictest product bounds
(< 10−7) of Table II in Ref. [61] are given in Table VI.
We can now investigate whether our couplings sat-
isfy the bounds in Table VI. For this we use the values
in Tables I and II and assume tanβ = 10. We find
λ122λ
′
211 = 2.1 · 10−6 ℓ1 ℓ′2 (76)
λ132λ
′
311 = 0 (77)
λ121λ
′
111 = −9.9 · 10−9 ℓ2 ℓ′1 (78)
λ231λ
′
311 = 0 (79)
λ′i12λ
′
i21 = 1.1 · 10−7 (ℓ′i)2 (80)
λ′113λ
′
131 = 2.7 · 10−9 (ℓ′1)2 (81)
λ′i13λ
′
i31 = 2.7 · 10−9 (ℓ′i)2 (82)
λ′1k1λ
′
2k1 = 1.2 · 10−7 ℓ′1 ℓ′2, k = 1 (83)
λ′11jλ
′
21j = 2.0 · 10−6 ℓ′1 ℓ′2, j = 2 (84)
In the last two cases the chosen indices result in the
largest possible value. The strictest bounds result
from Eqs. (76) and (80): ℓ1ℓ
′
2 < 0.02, and ℓ
′
i < 0.1.
From Tables III and IV, we see that these are always
satisfied in our numerical solutions.
VIII. COLLIDER TESTS
An essential feature of B3 neutrino models, is that
they necessarily lead to observable consequences at
colliders. Resonant slepton or squark production re-
quires couplings of order 10−3 or larger [57]. As can be
seen from Tables I and II together with the numerical
results presented in Tables III, IV, this is not possible
in our models. However, it is well known, that at the
LHC squark and gluino production provide the largest
τ˜1
f1
f2
FIG. 2: The two-body decay of a scalar particle into two
fermions.
supersymmetric cross sections. This is independent of
whether P6 or B3 is the relevant symmetry. The pro-
duced squarks and gluinos then cascade decay within
the detector to the LSP. In particular, this also holds
for the BC benchmark points [58], where τ˜1 is the
LSP. In this paper, we focus on stau-LSP scenarios,
as outlined in Ref. [58]. We shall focus on the essential
features, a full phenomenological analysis goes beyond
the scope of this paper and will be presented elsewhere
[71]. The neutralino LSP case requires a full treat-
ment of the scalar potential in order to determine the
relevant couplings and masses. This in turn requires
assumptions about the soft-supersymmetry breaking
sector, which also goes well beyond the scope of this
paper. We shall consider this elsewhere [71].
A. Stau LSP Decays
As discussed in detail in Refs. [11, 58], there are ex-
tensive regions of mSUGRA parameter space, where
the scalar tau is the LSP. The final state collider sig-
nals will be determined by the dominant decays of the
stau. The lightest stau, τ˜1, is an admixture of right
and left stau.
τ˜1 = cos θτ˜ τ˜R + sin θτ˜ τ˜L (85)
with θτ˜ the mixing angle. In Ref. [58], it was found
that in the representative benchmark points (BC1-
BC4) the τ˜1 is dominantly a right-handed stau with
|θτ˜ | < 0.3 (in radiants), i.e. the τ˜1-LSP is more than
91% τ˜R and sin
2 θτ˜ < 0.09.
In our model, we have a wide range of non-zero B3
couplings, where the corresponding operators couple
directly to the stau. The stau can thus decay via the
two-body mode into two spin-1/2 fermions f1,2 shown
in Fig. 2. The corresponding partial decay rate is in
given in leading order by [72]
Γ(τ˜1 → f1f2) = Nc|Λ|
2Θ2pcm
8πM2τ˜1
(M2τ˜1 −m21 −m22)(86)
≈ Nc|Λ|
2Θ2
16π
Mτ˜1 , (87)
where
p2cm =
[
M2τ˜1 − (m1 +m2)2
] [
M2τ˜1 − (m1 −m2)2
]
4M2τ˜1
.
(88)
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Operator Decay Mode Γ(τ˜−
1
→ bc)/Mτ˜1
L1L3E¯1 τ˜
−
1
→ e−νe 1.5 · 10−12 ℓ23
L1L3E¯3 τ˜
−
1
→ τ−νe 2.0 · 10−4 ℓ21
L1L3E¯3 τ˜
−
1
→ e−ντ 1.8 · 10−4 ℓ21
L2L3E¯2 τ˜
−
1
→ µ−νµ 6.7 · 10−8 ℓ23
L2L3E¯3 τ˜
−
1
→ τ−νµ 2.0 · 10−4 ℓ22
L2L3E¯3 τ˜
−
1
→ µ−ντ 1.8 · 10−4 ℓ22
L3Q2D¯3 τ˜
−
1
→ c b 5.4 · 10−7 (ℓ′3)2
L3Q2D¯2 τ˜
−
1
→ c s 1.8 · 10−7 (ℓ′3)2
L3Q1D¯2 τ˜
−
1
→ u s 1.1 · 10−8 (ℓ′3)2
TABLE VII: Decay modes and partial decay widths of a
stau LSP given as a function of the relevant ℓi, ℓ
′
j . In the
second and the fifth decay modes we have added the two
contributions from the doublet and the singlet stau. We
have set θτ˜ = 0.3 (in radiants) as obtained for BC1.
m1,2 denote the final state masses. Λ denotes one of
the following B3 couplings relevant for tree-level stau
decay
Λ ∈ {λ131, λ133, λ232, λ233, λ′3jk} , (89)
and Nc is the colour factor. Nc = 1 for the decay via
the LLE¯ operators, and Nc = 3 for the LQD¯ opera-
tors. Θ = (cos θτ˜ , sin θτ˜ ), depending on whether the
τ˜1 couples via the right- or the left-handed stau com-
ponent. Eq. (87) is taken for the case wherem1,2 → 0.
This is a good approximation for Mτ˜1 < mtop, which
is the case for all the BC benchmark points.
Given the above decay formula we can now compute
the decay rates for the dominant decay modes using
the numerical values in Tables I and II for the rele-
vant coupling. We expect the decays where the right-
handed stau component couples directly to dominate,
due to the small mixing angle in the stau sector. Fur-
thermore, for λ′333 which is a potentially large coupling
the large top quark mass kinematically blocks the de-
cay, for the stau masses we consider here. We present
the results for the decays in terms of the ℓi, ℓ
′
j in Table
VII. For completeness, we have included the couplings
involving ℓ3, which we have neglected in our neutrino
parameter fits. We see that for substantial decays via
the corresponding operators, we would require, e.g.
ℓ3 ≫ ℓ1,2.
1. Model I
If we consider the BC1 benchmark point, we have
Mτ˜1 = 148.38 GeV. Using Tables III, IV we can then
compute explicit values for the partial widths and the
branching ratios. In Model I, |ℓ1| ≈ 8 · 10−4, |ℓ2| ≈
2·10−3 and |ℓ′3| ≈ 5·10−4. Using these values, we then
obtain the total decay width and lifetime in Model I
at BC1
Γ(τ˜1) = 260 eV , τ(τ˜1) = 2.5 · 10−18 sec . (90)
We see that the stau-LSP always decays within the
detector. It also will not lead to a detached vertex.
For the branching ratios of the decay modes in Table
VII, we obtain
Br(τ˜1 → τ−νe) = 0.072 (91)
Br(τ˜1 → e−ντ ) = 0.065 (92)
Br(τ˜1 → τ−νµ) = 0.45 (93)
Br(τ˜1 → µ−ντ ) = 0.41 (94)
The other decay modes are negligible. The branch-
ing ratios are independent of Mτ˜1 , i.e. in Model I
they only depend on the ℓi, ℓ
′
j. As the neutrinos are
not visible, we have a combined branching ratio into
charged tau leptons of about 52%. For squark or
gluino pair production, we expect two stau’s in the
decay chains. The probability for then having two
charged electrons/muons in the final state is about
23%. Since the gluino/squark pair production cross
section is very large for accessible supersymmetric
masses, this should lead to an easily visible signal rate.
2. Model II
In Model II, we have eight free parameters and thus
a much larger freedom. Furthermore for κ3 6= 0 the
stau can mix with the charged Higgs boson, leading
to additional decay modes. In order to compute these
properly, we must minimize the full scalar potential.
This is beyond the scope of this paper. We can es-
timate the stau-Higgs mixing to be κ3/µ. Using the
Feynman rules in Fig. 8 of Ref. [73] for the charged
Higgs coupling to the tau lepton, we then typically
find a product of mixing times couplings of order 10−7,
for κ3 = 1 MeV, tanβ = 10 and µ = 200 GeV. This
would lead to an additional decay τ˜ → τν. The cou-
plings to the second generation quarks are another
order of magnitude smaller. These Higgs-mixing cou-
plings are negligible compared to the direct stau de-
cay couplings, in most cases. However, in general they
must be included. A proper complete treatment will
be given in Ref. [71]. Here it shall suffice to present
one example case from Table IV employing only the
direct decays from Table VII. We choose the example,
such that ℓ1,2 ≪ ℓ′3, which differs from Model I.
We consider the case: [ℓ′1 min], where ℓ1 = −4.65 ·
10−6, ℓ2 = 9.62 · 10−6 and ℓ′3 = −4.04 · 10−4. We find
for the total decay rate and the lifetime
Γ(τ˜1) = 2.4 · 10−2 eV , (95)
τ(τ˜1) = 2.7 · 10−14 sec . (96)
We see that the width is now substantially smaller
and thus the lifetime correspondingly larger. For a
Lorentz boost γL = 10, we have a decay length of
about 100µm. This is on the boarderline of visibility
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for a detached vertex. For the branching ratios we
find
Br(τ˜1 → hadrons) = 0.73 (97)
Br(τ˜1 → τ−νe) = 0.026 (98)
Br(τ˜1 → e−ντ ) = 0.023 (99)
Br(τ˜1 → τ−νµ) = 0.11 (100)
Br(τ˜1 → µ−ντ ) = 0.10 (101)
The stau now dominantly decays hadronically. In
this specific case, we can have still a roughly 25%
branching ratio to charged leptons. Or a probabil-
ity of roughly 6% for two charged leptons in the final
state. However, recall that we only scanned couplings
down to 10−7. Thus we would expect solutions with
even smaller ℓ1,2. In this case we would have purely
hadronic final states and we must resort to the tech-
niques used in Ref. [74], where the U¯D¯D¯ R-parity
violating operators were studied.
IX. CONCLUSIONS AND OUTLOOK
We have presented a simple ansatz for the B3 Yukawa
couplings, relating them directly to the corresponding
Higgs Yukawa couplings via a small set of parameters
ℓi, ℓ
′
j . This results in simple relations between the B3
couplings presented in Tables I and II. We have given
estimates of these parameters in order to obtain the
correct neutrino masses and have then numerically de-
termined the precise values. These are summarised in
Tables III, IV. We then discussed the resulting col-
lider signals for the case of a stau LSP. Depending on
the fit values, we have found a wide range for the pos-
sible branching ratios of the stau-LSP. In forthcoming
work, we shall give a detailed investigation of how to
disentangle these models at the LHC.
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